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Decoherence and relaxation of a superconducting quantum bit during measurement
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During measurement, information is transferred from the measured quantum system to the detector via their
coupling. The same coupling that extracts information from the quantum system transmits noise from the
detector’s environment to the system as well. In this paper, we derive the limit to the measurement efficiency
of a superconducting persistent-current qubit measured by a dc superconducting quantum interference device
(SQUID) and calculate the noise transmitted to the qubit from the environment of the dc SQUID. The method,
with simple linear circuitry correspondence, can be applied to calculate the noise transferred to a quantum
system from the environment of an arbitrary external system that interacts with it. The relaxation and deco-
herence induced by this noise are also estimated.
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[. INTRODUCTION qubit’s dynamics. To interpret experimental data correctly,
we need to study the interaction between the qubit and the
Quantum computers store and process information owetector carefully to analyze the influence of the detector on
guantum bits. Any coherent controllable two-state quantunthe qubit and to extract from the measured data the features
systent can register a quantum bit; such “qubits” have beenthat are due to the qubit's behavior.
realized in a wide variety of physical systef3o collect, During a measurement, the detector entangles with the
manipulate or transfer information from a qubit, we need toqubit and collects information from the qubit; it then trans-
entangle the qubit to an external quantum system such asfars this information into macroscopic distinguishable states
detector, a radiation source, or another qubit. The externdhat are recorded. Meanwhile, via the same coupling, the
guantum system acts as an information transmission channédétector transmits noise from the output parts of the circuit,
that performs an operation on the qubit state and collectshich are usually exposed to stronger environmental noise,
information. In addition to the intrinsic decoherence of theto the input parts where the qubit is located. The transferred
qubit, this operation transmits noise from the environment ohoise will damage the qubit state when it takes a long time to
the external system to the qubit and decoheres the qubit. Thmllect the information. This problem exists in many kinds of
stronger the interaction between the qubit and the externajubits. In the pc-qubit experiment, the detector is an under-
system is, the more information is obtained by one measuredamped dc SQUID, whose critical current is offset by the
ment and, at the same time, the more noisy the qubit will beflux of the two qubit states towards opposite directions. For
Because the external system typically contains macroscopithe offsets to be large enough to resolve the two qubit states,
noncoherent elements, it is often exposed to strong envirorstronger qubit-SQUID coupling is preferred. But noise from
mental noise and becomes a crucial noise source for the q&QUID’s environment is transmitted to the qubit by the same
bit. This raises the problem of designing optimized quantuninductive coupling; moreover, this noise increases with the
circuits that can maximize the signal-to-noise ratio duringsquare of the coupling strength while the offsets increase
information transmission. In this paper we will study the linearly with the coupling strength. How to design a reason-
measurement efficiency of the persistent-current qubit meaable circuit to optimize the measurement is thus an important
sured by a dc superconducting quantum interference devidssue.
(SQUID) and present a method to derive the noise trans- A similar situation occurs when an ac radiation source is
ferred to the qubit from the detector’s environment. applied to manipulate a qubit. To operate the qubit effi-
The superconducting persistent-current q@pd-qubiy is  ciently, the pass band of the connection circuit between the
a solid-state Josephson junction device that stores quantusource and the qubit needs to cover the qubit frequency. This
information on circulating currenfs,pc-qubits have been connection lets noise of the same frequency pass as well and
successfully fabricated and measufethese measurements may induce strong qubit damping and decoherence. There-
are not only the first steps in realizing solid-state quantunfore how to get the best design of an external control source
computers, but also invoke fundamental studies on verifyings also an important problem to study.
quantum mechanics at macroscopic scafem the experi- In this paper we study the pc-qubit measured by a dc
ments the SQUID interacts with the qubit and influences thesQUID. Both the measurement efficiency and the noise
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effective critical current of the SQUID. During measure-
Iy ment, a bias current, is ramped through the SQUID; the
switching current, where the SQUID switches to a finite volt-

¢ P, age state, is then measured. Due to quantum fluctuation and
o __L_> (1 é l;<___|_ G, ° thermal activation, the SQUID switches before the critical
- | qubit :| — N current and has a finite distribution. The average switching

current shifts with the effective critical current and reflects

I the probability of the two qubit states. In practice, a large

[ capacitance shunts the SQUID to suppress fluctuations and
. _ reduce the width of switching current distribution.

FIG. 1. Persistent-current qubit measured by a dc SQUID. The When taking into account the self-inductance, the SQUID

qubit is in the SQUID loopl . is the critical current of the Joseph- h . bles: the | iable bi
son junctions of the SQUIDC; is the junction capacitancé.1 and as two independent variables: the inner variable phgge

¢, are the gauge-invariant phases of the junctions with their direc:[hat represents the circulating current of the SQUID loop and

tion indicated by an arrow beside the junction. The SQUID isthe external variable phags, that represents a quantum par-
shunted by a capacitand@,. Z, is the environment of the dc ticle in @ washboard potential that is tilted by ramping cur-
SQUID. The SQUID is biased by ramping currégt rentl,. The external variable is in a metastable state when
the potential is tilted byt,. A detailed study of the quanti-
Lil:'ation of the SQUID Hamiltonian can be found in Ref. 9.

transferred to the qubit during the measurement are calc
lated. The decoherence and relaxation of the qubit are the
estimated with the calculated noise spectrum. In Sec. I, weY
study the interacting system of the qubit and the SQUID in

il an rive th ic r n f th ID h . , . .
gﬁﬁt. ?’hgn?eweea;aelyiteattﬁe erﬁggsﬁfer%etnteprschgss ft(?r tth S Interacting W'th gach other. we have the fOIIOW'_ng ap-
qubit-SQUID system in Sec. lll and derive a limit to the proximated Hamiltonian for the qubit-SQUID system:
mutual information that could be achieved during one mea-
surement when 1 bit of classical information is encoded in
the pc-qubit. In Sec. IV, we apply the Caldeira-Leggett for-
malism to calculate the spectrum of the noise transferred to
the qubit from SQUID’s environment by mapping the qubit- PS 5 o
SQUID Hamiltonian to a linear circuit. Relaxation and deco- + Z_rnp + Emp“’p‘r"p”LJlQDmQDp' @
herence rates due to this transferred noise are then estimated
in terms of the noise spectral density. Conclusions are give ; ; e _-
in Sec. VII. Note that the study presented here was devel(fllrleore Ttq 1S tbe q~u(l)3|t Ham|lton|_an. The ph_asqa;n em.
oped in the course of an ongoing collaboration with the Delft ~$m @d¢p=¢p— ¢p are the oscillator coordinates relative
group. In particular, complimentary aspects of the problenfo the energy minimumdy,, ¢?). Py, P, are the momenta
were studied by Wilhelm and Grifohiand van der Wal of the inner and the external oscillators, and are conjugate
et al® operators of the corresponding phases. The oscillator masses

are m,=2C,(Po2m)? and m,=(Dy/2m)*(Cs+2Cy),
where C; is the capacitance of the junctions a@d is the
II. QUBIT-SQUID INTERACTION HAMILTONIAN shunt capacitance as shown in Fig. 1. The inner oscillator

The superconducting persistent-current qutsita single frequency depends on the self-inductance of the SQLYD

superconducting loop that has three Josephson junctions fi'd_the critical current of the junctiond; as wp
series. One junction has a slightly different critical current— Y2/LacCy- In the experiment, the self-inductance of the
from that of the others. A magnetic flub®, is applied in ~ SQUID is weak withB =2mLgcl ./Po=0.004. Hencewn,
the loop, whereD,, is the flux quantum. Af, near 1/2, the ~10° G_Hz is higher than all the other relt_avant energies in
lowest two energy levels of this quantum system are nearl{1€ qubit-SQUID system. As a result, the,',””er oscillator is
localized flux states with opposite circulating currents ancEnSlaved to the qubit and follows the qubit's dynamics even
are chosen as the qubit states. The two qubit states are anafiring qubit operatlc_)n. The external osacnlator freﬂ??”ﬁﬁ’ de-
gous to spin states and can be describe8b¢2) algebra of ~Pends on the ramping current ag=wy[1—(Ip/1c")"]
the Pauli matrix. By identifying the localized flux states aswherew) =2l $"/C.® is the oscillator frequency at zero
eigenstates ofr,, the qubit Hamiltonian is,=(eo/2)o,  current and ¢'"is the effective critical current of the SQUID
+(to/2)oy, Whereeyx(fy—1/2) is controlled by flux in under external flux. The inner oscillator offsetdpqo,
the qubit loop and, is the tunneling between the two local- originates from the inductive interaction between the qubit
ized flux states. Typical parameters arg=10 GHz atf and SQUID withégo=mMgl ¢ir /Do, wherel ¢, is the circu-
=0.495 andy=1 GHz. lating current of the localized states of the qubit dvg is
The qubit state can be measured by inductively couplinghe mutual inductance. Thi term is the bilinear coupling
the qubit to a dc SQUIDRef. 4 as shown in Fig. 1. The flux betweeng,, and ¢, at the potential energy minimum and is
of the qubit shifts the flux in the SQUID loop and, hence, thedetermined by the ramping current,. We have J;

ere we only consider the case when the two junctions are
mmetric.

After linearizing the potential energy near the energy

inimum, the SQUID variables behave as harmonic oscilla-

Hi=H +—m+lm 02 (@m+ 8¢p0,)?
t q me 2 m¥mi¥m oYz
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:|tan’(;)?n||bq)0/2/n-_ When the ramping current is turned off, current hiStOgram that can resolve the qublt states. It is thus
the J, coupling disappears, and,, and ¢, interact via a crucial to analyze the factors that limit the efficiency of the

higher-order termg,¢p which brings negligible entangle- SQUID measurement scheme. This will help to design ex-
ment with the qubit state. Typical numbers for the SQUIDPeriments that can achieve better efficiency. We study the
are E§C:40 GHz with IS°=80 nA, C,=2 fF, C, Problem from the aspect of extracting classical information

=5 pF, Lgc=16 pH, andM,=8 pH. And 8¢,~0.002, ~encoded in the pc-qubit. o .
®%=1.3 GHz, andv,=1.0 GHz atl,=0.88"". ~In the experiment, the qyblt interacts with the SQUID’s
This linear model omits the escape of the particle from thdnner oscillator via mutual inductance all the time and the
washboard potential which becomes strongeli,dacreases. flux of the qubit is detected by the inner oscillator even when
As we mainly use this model to discuss the decoherence arfie measurement is not on, while the switching current his-
relaxation of the qubit by the SQUID’s environment during togram is the directly observed physical quantity. We can
the “pre-escape” entanglement process, this model is validlivide the qubit-SQUID system into two parts: the measured
as far aso, is much smaller than the energy barrietich is  system that includes the qubit and the inner oscillator of the
true until 1,~0.95). We want to point out that the escape SQUID and the “meter” that is the external oscillator of the
from the washboard potential, which is a crucial step in thisSQUID. The current ramping process entangles the system
measurement and will be discussed in the next section, is neiith the meter. When the SQUID switches, the meter vari-
included in this model. able escapes from the supercurrent state to the finite voltage
When the qubit stays in an eigenstateogf the response state, and a macroscopically distinguishable record is ob-
of the SQUID at ramping curreri, can be derived by a tained; in this process, the coherence of the system is com-
perturbation approach. Assuming qubit|ih and takingd;  pletely destroyed by quasiparticle excitations at gap voltage.
term as perturbation, the unperturbed eigenstates are The histogram of the switching current is affected by
[1,n},np), where|n,) are the external oscillator's number many factors: the critical current of the SQUID, fluctuations
states andn/,)=e’#0”?*m|n_) are inner oscillator's number and the time dependence of the ramping current, etc. Flux in
states shifted bye, by interacting with the qubit. The per- the SQUID loop changes by 5¢, due to the qubit states; as

turbed ground state of the qubit-SQUID system is a result, the effective critical curremf’ is shifted byAl,
3,605 3% = =15 8p|tanen| == 107315", respectively, which re-
|¢;>=|T,0T 0p) — P10 ) — p|T-1ln11p>a sults in a shift of the histogram of the same order. Due to
hwp hom strong quantum fluctuation and thermal activation, this shift

2 is much smaller than the width of the histografmnd hence

where X,,= m and x,= \/prp are the widths the switching current in any given measurement is not per-

of the ground-state wave function. The state includes contril€ctly correlated with the state of the qubit. In other words

butions from|1,). Hence, the average af, increases lin- the measurement is not strictly speaking a von Neumann

early with I, pas (@ >0:LJ\]1(277/(I)0)25?PO where L, measurement, but rather a more general positive-operator-
p 1

10
=(Cqw2) ' is the dynamic inductance of the external oscil- valued measu_remel(llPO\_/M)._ . .
lator V\?hen the ramping current is off, =0, the external Encode 1 bit of classical information in the pc-qubit. The
. p=0,

. . ) 1
oscillator responds negligibly to the inner oscillator and isdensny matrix of the qubit ipq= 2| 1)(T]+3]){|] and the

effectively decoupled from the inner oscillator. When theShanno_n entropy isl,=1. To ex'tract this |nform§1t|on from
the qubit, we measure the qubit state by ramping a current

ramping current is on, the external oscillator becomes en Lo .
tangled with the inner oscillator. Given the parameters fromthrough the SQUID and measure the switching current his-

the experiment and ag=O.8I§”,(gpp>ow0.002. togram. The density matrix of the SQUID igg,

1 1 H
. ) . o =zl )i+ 3]d))(||, where|ps) is the SQUID state
Compared with the Stern-Gerlach experiment, the qubit orresponding to qubit statis). The probability for the

inner-oscillator system acts as the spin of a particle passin . : .
through the gradient field. The external oscillator acts as th QUID to switch at currentl, and qubit statefs) is

spatial degree of freedom of this particle. As the particleP(16/S) =tr(A |ds)(bs[), whereA, is the positive operator
passes the field, the spatial wave function of the particleat |,,. The probability that the SQUID switches &} is
becomes separated for the two spin states; by recording the(|, ) =tr(A, ps) = 3P(1p/1)+3P(Ip|]). By the Bayesian
spatial distribution, the probability of different spin states i o orem thbe conditional probabilities for the qubit state
can be obr:ained. In ;hﬁ SQUID, Ias thlcla rarr;)ping current inw en SV\,/itching occurs at, are P(1]1,)=2P(I,|1)/P(I,)
creases, the states of the external oscillator become separa _1 ;

in its coordinate space in correlation with the two qubit P(L[1b)=2P(Is[)/P(I). If the histograms of the two
states; by detecting the switching current of the SQUID, th
qubit state is detected.

qubit states are well separated, given a switchiny, atone
&an clearly infer the qubit state from the measurement. But
when the histograms of the two qubit states are largely over-

lapped, which is the case in the current experinfeitis
lIl. LIMITS TO MEASUREMENT OPTIMIZATION hard to decide the classical bit of information from a single
measurement. In terms of the mutual information gained in

In the above measurement, the same measurement nedtliss measurement,=H,—H,,,, whereH; is the informa-

to be repeated many times to obtain a satisfactory switchingon encoded in the qubit andHg,= —E,bP(Ib)
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X[P(TI)log P(T|1p) +P(L|Ip)logP(L|lp)] is the ensemble- IV. DECOHERENCE AND RELAXATION
averaged Shannon entropy after the switching elefhe DURING MEASUREMENT

mutual_ ‘:nformatlon V\."th. the expen_mental p_ara_me’(%rs Now we investigate the environment of the qubit-SQUID
I;~10"". This result indicates that in the switching current oy qtam |n solid-state systems, decoherence warrants serious
experiment each measurement only provides limited inforygiention due to the many redundant degrees of freedom that
mation and the same measurement has to be repeated manyeract with the qubit. Noise from the direct environment of
times to decide the qubit states. the pc-qubit was studied in our previous wtrkvhere the
Now let us look at what is the best we can achieve Withdecoherence time can be controlled to be |0nger than
this flux-measuring scheme by coupling the pc-qubit to ap(10 %) sec. However, during the ramping of curregt,
SQUID magnetometer. The measurement process is the dgs the qubit and SQUID become entangled, the noise from
tection of the inner oscillator states by the external oscillatothe environment of the SQUID affects the qubit via their
instead of the direct detection of the qubit state. In otheiinductive interaction. In this section, we calculate the spec-
words, the “meter” switches according to the inner oscillatortral density of the noise transferred to the qubit from the
states instead of to the qubit state. As a result, with the qubitenvironment of the SQUID and derive the decoherence and
SQUID coupling scheme, measurement optimization is lim+elaxation due to this noise. For simplicity we only discuss
ited by how different the two inner oscillator states are cor-the environment of the external oscillator and neglect the

responding to the two qubit states. environment of the inner oscillatd?.Although we work on
The inner oscillator entangles with the qubit even whenthe example of pc-qubit measured by a SQUID, the frame-
the ramping current is not on; furthermore, @g> wo, @y, work of our discussion is general and can be applied to ar-

it follows the dynamics of the qubit faithfully even during Pitrary external system interacting with a qubit. _
qubit operation. The inner oscillator is enslaved by the qubit Ve apply the Caldeira-Leggett approach for the reservoir
just as an electron is enslaved by the atomic nucleus in yhere the reservoir is mode_led as QSC|IIator modes with a
solid. Due to the inductive coupling with the qubit, the inner COntinuous spgctrur’r’ﬁ Localized spin modé§ can be
oscillator states becore: a>:et&poﬁ/ﬁ¢m|om> for the two mappeq to oscnla_ltor modes _When the |nter_ac_t|on with the
qubit states respectively, whel@,,) is the oscillator ground reservoir modes is weak. With the reservoir included, we
state at no interaction angl= ¢,/2x,,, describes the shift of Nave

the oscillator states. Written explicitlyy is determined by

the ratio betweemp,=mMl i /Po, the coordinate space

shift of the oscillator ground state due to coupling with the H:Ht"‘;
qubit, andx,= VA/2M o, the width of the ground-state

wave function. In the experimendipo~0.002 andky~0.1, \\narety s the Hamiltonian of the qubit-SQUID systeny;

we havea~0.01,2and the overlap of the two coherent states, g p, are the coordinates and momenta of the reservoir
is (—ala)y=e"?*"=1-2x10"*. Hence, the two states are modes. The,, terms are the bilinear interaction between the
nonorthogonal and highly overlapped, which means it is haréxternal oscillator and its reservoir. The direct influence of
to distinguish them with any possible measurement. With thehe reservoir on the associated quantum system—the external

qult enCOding 1 bit of classical information, the denSity Ma-gscillator—can be Comp|ete|y described by the spectra| den-
trix of the inner oscillator becomegy,=3[|a)(a|+|—a)  sity:

(—a|]. To resolve the information from these two states, a

2

o
——+=m
2m, 2 «?

CCY
Xt — 5 ¢p
m,w

2

a

)

a

measurement is conducted to resolve the oscillator states. o 2
The mutual information in any measurement is limited by the Jo(@)= =7 2 ——S(w—w,).
Holevo bound® 1,<S, whereS=—tr(p,,Inp,,) is the von 20 = My,

Neumann entropy of,, and is determined by the parameter
a. At large «, which indicates well-separated states, the en- The reservoir mode§x,} have no direct interaction with
tropy goes to 1; atv~0.01, the entropy is very small with the qubit. They affect the qubit via the interaction between
S~0.0015. This result shows that, with the qubit-SQUID the qubit and SQUID. The qubit sees an effective reservoir
coupling, the most information we could achieve in onewhich includes both thé¢x,} modes and a finite number of
measurement id;~0.0015. Although this limit is very discrete modes from the external system. In this “larger”
low, it is one order higher than that of the ongoing experi-reservoir, different modes are not independent of each other:
ment. namely, modes from the detector interact with the,}
This analysis indicates that it is possible to improve themodes. Meanwhile, the discrete modes of the detector inter-
measurement efficiency in the flux-measuring scheme whilact with the qubit. In the qubit-SQUID system, the SQUID
keeping the same qubit and SQUID parameters as in thadds two oscillators to this “larger” reservoir. The external
ongoing experiments. Meanwhile, by adjusting the qubit oroscillator ¢, interacts with the{x,} modes, the inner oscil-
the SQUID designs to increase better measurement can be lator ¢, interacts with the external oscillator, and the qubit
expected. Another approach which will be explored in ourinteracts with this effective reservoir by interacting wigh, .
future work is to go beyond the flux-measuring scheme torhe noise spectral density for the quBits;, according to
exploit the orthogonality of the qubit states, without directly standard approacti;?° can be derived from the dissipation
measuring the small flux of the qubit. which is the imaginary part of the generalized susceptibility:
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9 of the corresponding inductance. We derive the effective ad-
mittanceY e = Zo1=14/v, from circuit equations

q
o O |
[ N )
C
i v 1 . 16
N =1,
eff |qu wZLSCYm
|
4 (4723,)?
Cm

Yn=10Cy+ i

wlge wch)gYp ’ ©®
FIG. 2. Equivalent circuit derived from the linearized Hamil-
tonian of the qubit-SQUID system. The phasgsp,,, and ¢, are
chosen as the independent circuit variables of the three loops of the
circuit. The capacitances of thg, loop and theg, loop areC,, ) _ S )
=2C; and C,=C,+2C;, respectively. The inductances in the whereY,, is the admittance of the circuit without the qubit
three loops interact via mutual inductances as indicated by théoop andY, is the admittance of the circuit without both the
paired dots near the inductanc, is the environment of the,  qubit and inner oscillator loops. Plugging; into J3; ()
loop. and putting the Z¢, factor back, the noise spectrum cou-
pling to the qubit i4°-2°

1
Yp=iwC, Tol, 7o

Jetf(w)=lim__o(1/H)IM[K(2)],=»—ic, WhereK(z) is the »
generalized susceptibility of the qubit when taking account _ 2 .
of the SQUID. Jetf( @) =(26¢0) ezngcR 2iwC;+

ideC
Instead of calculating the susceptibilitg(z) directly

from the classical equations of motion, the noise can be de- 1

rived from a simple but general linear circuitry approach [J,472)?
which is easily applied to arbitrary external system to derive + 1 . (6)
the transferred noise. Given the Hamiltonian of a linear wZCDé iwCs+ ——+Yo(w)

guantum system, different energy terms can be mapped to lol

linear circuit elements such as inductances, capacitances, aNgte that this linear circuit does not have direct correspon-
resistors of a linear network. The classical equations of modence to the physical system, but comes from the linearized
tion for the interacting system are the circuit equations ofHamiltonian. This equivalent circuit method is easier to ap-
this linear circuit by Kirchoff's laws. The noise on any quan- ply to arbitrary external system. Once the linearized Hamil-
tum variable at zero temperature can hence be calculate@nian is known, a linear circuit can be obtained whose ad-
from the effective impedance of this circﬁi‘t:Jg’f)f(w) mittance determines the noise and can be calculated easily.

=[#/(2e)’w R Y(w)] for finite temperature,Jgf)f(w) For the qubit-SQUID system, as,> w,,w,, the spec-
=Jg})f(w)coth@w/2ksﬂ, which is the Johnson-Nyquist noise trum atw<w, can be simplified by ignoring the capacitance
at high temperature. C, term. Assuming an Ohmic environment with resistance

First, we map the system described by Eds.and(3) to  Rs and substitutingde, with wM gl i, /Do, we have
an equivalent circuit. For each? term we introduce an in-
ductance; for eactP? term we introduce a capacitance in
parallel to the inductance; the environmentgf is an im-
pedanceZ, [admittanceYy(w)] in parallel to the inductance
elementcpg. The circuit is shown in Fig. 2. It has three in- Jefi(w) increases with the square of the mutual inductance
dependent flux variablesp,=(®,/27)(q) (9= d@g0), and the square of the ramping current; hence, when the cou-

“'(elcirleq)2 ®
CIH°Ry (0= wd)*+(w/RCy)?

)

Jeti(w)~

D= (Po/2) (@), and D, = (o /27)(pp). pling between qubit and S_QUID is stronger, the noi_se is also
From Fig. 2, the currents in the three loops are related tétronger. When the ramping current is off, the noise trans-
the flux by the inverse inductance matrix: ferred to the qubit is negligible as the entanglement between
the inner oscillator and the external oscillator is negligible.
[ 1 4 T For finite ramping current, at low frequency when<w,,,
L_ [ 0 the spectrum increases linearly withy compared with the
iq 4 de ) P spectrumly(w), Jesf(w) is rescaled by a constant factor as
i 44 2m 3 a Jetr=Jdo(w) (A7l ,L /P )2, So at low frequency with,
M= Lae Lyc o,/ “t Pm|, (4  ofthe same order d'", the noise transferred is reduced by
'p 2.7\ 2 1 ®, an order 0f5(p(2). At high frequency whemw>w,, besides
0 (3) 1 T the rescaled linear term, another factor shows uplas
0 J =Jo(@) (47 SpglpL 3/ Po)*(wp/w)?, and the spectrum de-

creases witho 2 which further reduces the noise @t= w,.
whereL , is determined by the self-inductance of the qubitThe SQUID thus acts as a filter that cuts off the high-
and will not affect our result. Let; ,i=q,m,p be the voltage frequency noise transferred to the qubit. &=, a sharp
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8 — know the noise spectrum, the relaxation and decoherence
SN U SRV SRS S rates can be deriveéd 2*At finite temperature,

1 t(z) ho
Tl =FJeff((o)C0th— y

wWq 2kBT 0=
Tt il J th o 10
=— cotho——
) , : : , : l 2 2(1)3 eff(w) 2kBT o ( )
0 4 8 12
o (2x GHz) tS Ao
+—2Jeff(a))coth—
FIG. 3. Effective noise spectrum vs frequency for ramping cur- dwj 2kgT w=w
rentl,=0.8 5” at zero temperature with an Ohmic environment of
R=100 Q. Due to the reduction factozlog/cuf)1 in the spectral density at

= wq, relaxation is slowed by the filtering of the SQUID.

Lorenzian peak appears in the spectrum with a width oMith the system parameters, we calculate the damping time
(RCo) L. This structure is due to the discrete external os-as7,=0.15 sec and the decoherence timer@s2 usec at
cillator mode of the SQUID that interacts with the reservoir;lb=0.8|§”. The decoherence time is much shorter than the
when the interaction between the SQUID and reservoir goegstimated intrinsic decoherentewhile relaxation is slow
to zero Ry— ), the peak becomes &function. The spec- enough that it will not hinder the extraction of qubit infor-
trum is plotted in Fig. 3. mation. The noise transferred to the qubit is negligiblé,at

During a measurement, information of the measured sys=0 when no measurement is being conducted.
tem is obtained by entangling this system with a meter vari- Note that the noise increases with the square of the induc-
able. In many discussions of measurement, entanglement five coupling, so are the decoherence and relaxation rates. In
accomplished in a very short time during which the evolutioncontrast,«, the parameter that determines the measurement
of the measured system is neglected; afterward, the metefficiency, only increases linearly with the inductive cou-
variable is projected to macroscopically distinguishablepling. When increasingr by 10 times by adjusting the mu-
states. Hence the dynamics of the measured system has fal inductance, the relaxation rate is two orders stronger.
effect on the result of measurement once an initial state i¥his puts an extra restriction on measurement
selected. However, in the measurement of the pc-duinit,  optimization—to keep the noise low for a good enough
tanglement is a slow proces$siilliseconds and the interac- signal-to-noise ratio.
tion between system and meter is much weaker than the qu-
bit energyw,. As a result, we have to take into account of the V. CONCLUSIONS
gubit dynamics, including relaxation and decoherence, when
studying the measurement. In the following we study the In this paper we studied the measurement of the pc-qubit
decoherence and relaxation of the qubit due to the effectivey a dc SQUID. We derived the limit to the measurement
noise transferred to the qubit from the SQUID’s environ-€fficiency in terms of the mutual information. Besides infor-
ment. mation, the measurement process also transfers additional

The transmitted noise affects the qubit viacoupling. As ~ noise to the qubit from the SQUID’s environment. We cal-

[0,,Hq]#0, which is generally the case, damping occurs asulated the noise transferred to the pc-qubit with the
well as decoherence. We write Caldeira-Leggett formalism and estimated the relaxation and

decoherence of the qubit due to this noise. This study sug-
ol=cosfo,+sinfo,, o,=—sinfo,+cosboy,, (8) gests that better reqdo_ut circuit can be deS|gne_d to optimize
the measurement within the qubit-SQUID coupling scheme.

whered is the angle between the qubit eigenstate andsthe ~ When calculating the transferred noise, we map the lin-
basis with co®=ey/wy and sind=to/wy. wo= e +13. o earized Hamiltonian of the interacting qubit-SQUID system
: Jei+t3. ol

and o, correspond to the Pauli matrices when choosingto a linear circuit. By calculating the impedance of this cir-

lol=+1) as the qubit eigenstates. The qubit-reservoircu't’ noise spectrum can be derived directly. _Th|s gpproach
can be applied to arbitrary external system, including mea-

Hamiltonian surement circuit, control circuit, etc. Note that this linear
5 circuit can not be derived directly from the physical circuit
® R R . X X X . :
Mo = Ocr;+cost9xzaz’—sin 0%, , (9) of thg mtgractlng systems, bl_Jt is derived fror_n the linearized
' 2 Hamiltonian. Several other impedance environments were

. examined from a direct circuit analy8iwhich is valid in the
whereX, is the coupling between the qubit and the effectivespecific parameter range of the experifenben w,,> w.
noise reservoir whose spectrum Jssi(w). In Eq. (9), we The inductive coupling between the qubit and the SQUID
have both pure dephasing noise with spectrunf@hg(w) contributess, noise to the qubit. A$o,, Hql#0, this noise
and relaxation coupling with spectrum %i.(w). Once we  induces damping as well as decoherence. We found that
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when the measurement is on, relaxation is reasonably slotvansferred to the qubit, the SQUID and its environment form
and will not prevent the collection of accurate information ofan effective environment with spectrudy;;. However, in
the qubit; when the measurement is off, the SQUID intro-order to determine the measurement efficiency, the qubit and
duces negligible noise to the qubit. A more comprehensive&sQUID’s inner oscillator must be treated as a joint quantum
study of the structured environmef¢.g., the continuous system in its own right.
spectrum environment plus the discrete modes of the
SQUID) shows that when the qubit frequency is close to the
plasma frequency of the external oscillator, the structure of
the environment affects the relaxation and decoherence in a This work was supported in part by NSA and ARDA un-
sophisticated way. der ARO Grant No. DAAG55-998-1-0369 and by ARDA and
This study also brings up a general question in quantunbOD under the AFOSR DURINT program. We would like to
information processing: how to divide the system from thethank M. Grifoni, F.K. Wilhelm, C.H. van der Wal, C.J.P.M.
environment during any information exchange between thélarmans, and J.E. Mooij for stimulating discussions. Lin
qguantum system and an external control devices, such asTaan thanks TU-Delft for their hospitality during her visit
detector, a controller, or another qubit. To calculate the noisevhen part of this work was done.
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